Introduction:
1 A major challenge in engineering functional tissues in vitro is to mimic the underlying in 2 vivo 3D microarchitecture. Vasculature represents an outstanding example of complex spatially 3 organized cellular/ECM structures, and their successful generation in vitro is known to be crucial 4 for a range of applications such as regenerative medicine and drug discovery [1] . 5 Self-organization of endothelial cells on 2D or within 3D biological gels is by far the most 6 common approach to promote vascularization and angiogenetic processes in engineered tissues 7 [2] . However, the extensive culture time needed to allow cell migration and organization, the 8 lack of control on 3D tubular organization, along with the limitations in attaining perfusable 9 vessels in vitro, have so far hindered a successful transfer of this approach to tissue engineering 10 applications.
11
These constraints have prompted the exploration of alternative approaches, often relying on 12 microengineering techniques to fabricate vascularized tissue constructs. For instance the modular 13 assembly of micrometric organoids covered with endothelial cells has been shown to enable 14 blood perfusion [3] . More recently, engineered perfusable microvessels were generated by 15 seeding endothelial cells in microfluidic collagen gels and then successfully adopted to 16 investigate the role of cyclic AMP in vascular barrier regulation [4] . However, seeding-based 17 approaches can often be characterized by complex procedures or rely on several days of culture 18 to form an endothelial monolayer [5] . Applying bioprinting principles, Norotte and colleagues 19 fabricated hollow vascular structures by substituting cell seeding with the precise deposition of 20 micron-sized cellular cylinders around an agarose molding template [6] .These approaches, which 21 rely on complex and expensive instrumentation, so far have not been applied to the generation of As an alternative approach, we have recently demonstrated the generation of vascular-like 4 structures by transfer of endothelial monolayers from gold rods to the internal surfaces of 5 micrometric collagen channels [7] . This microengineering approach uses culture substrates 6 modified with self-assembled monolayers (SAMs) of alkanethiol or oligopeptides that mediate 7 cell detachment once electrochemically desorbed [8, 9] . Cells can then be deposited on a 8 receiving substrate with an approach similar to thermoresponsive polymer-based cell sheet 9 engineering [10] . 10 Here we studied the integration of zwitterionic oligopeptide SAM-based cell deposition 11 with the photoinduced hydrogel crosslinking process. Hydrogels, indeed, provide a flexible 12 microfabrication platform that can be applied to the generation of geometrically defined three 13 dimensional (3D) constructs [11, 12] and microfluidic channels [13] . In addition, due to the rapid 14 hydrogel crosslinking, photoactivated approaches offer the advantage of minimized processing 15 time. This is a critical parameter while engineering thick tissues with a high number of 16 metabolically active cells that would benefit from the immediate onset of perfusion culture. More 17 specifically, here we have adopted a previously developed gelatin methacrylate hydrogel, that 18 has been shown to be cell adhesive and support proliferation of cells seeded on the surface and of 19 those encapsulated within the gel [14] . We first investigated mechanisms responsible for the 20 SAM-based cell detachment in transfer of single cells and monolayers from gold to hydrogel. 21 
5
The association of the SAM-based cell deposition and hydrogel photocrosslinking was further 1 applied to the generation of micrometric single and double vascular structures. GelMA was synthesized as previously described [14] [15] [16] cysteine has a thiol group that adsorbs to gold surface via a gold-thiolate (S-Au) bond (Fig. 1A ).
16
The central domain, composed of charged glutamic acid (E) and lysine (K) residues, promotes 17 electrostatic packing of adjacent peptides, which enhances the non-fouling properties [17] Fuso Mfg. Co., Japan) for 2 min (Fig. 1B) , followed by hydrogel layer removal from the 7 substrate. Samples without oligopeptide modification were adopted as controls. transfer over the mean cell density on the corresponding gold surface before cell transfer.
Images of fluorescent GFP cells on gold (before cell transfer) and hydrogel (after cell 17 transfer) were acquired (same settings) and employed to quantify individual cell area using
18
ImageJ. The total number of cells evaluated was 691 for non-modified gold and 549 for gold 19 coated with the peptide. On hydrogels, the total number of cells evaluated to calculate the cell 20 area was 36 for hydrogel transferred from non-modified gold, while for modified gold it was 21 respectively 707 for hydrogel transferred without and 1121 for those with potential. After 72 h, samples were stained with EthD-1 and the cell viability was calculated.
9
Experiments were run in triplicate for each condition. 
Cell monolayer transfer

12
To evaluate the transfer efficiency for cell monolayer rather than single cells, gold coated 13 glass slides modified with the oligopeptide were seeded either as described previously and 14 cultured for 72 h, or at a high density (5 × 10 5 cells/ml, 2-ml for each well) and cultured for 16 h.
15
After rinsing in PBS (with Ca Mg), the confluent cell layers were transferred either with or 16 without potential application. Phase images were acquired before and after cell transfer and used
17
to quantify cell transfer efficiency.
18
To evaluate the effect of cell transfer process on cell-cell junctions, cellular monolayers on 
Microvascular structure generation 8
HUVECs were seeded on gold rods, modified with the oligopeptide as described for the gold 9 slides, at a density of 1.5 × 10 5 cells/ml (6 ml for each petri dish) in ultra-low attachment 60 mm 10 dishes (Corning, USA). The culture medium was changed after 24 h to remove excess cells and
11
then every 48 h until confluence (3 to 4 days).
12
The chamber for perfusion culture (2.5 x 10 x 10 mm inner dimensions) was fabricated with were taken with a confocal microscope and a 10X lens. Hydrogel photocrosslinking relies on UV induced radical formation of photoinitiator 2 molecules [18] , that initiates the formation of a polymer network [19, 20] . However, besides 3 electrochemical desorption, thiolate SAM removal from metal substrates can occur when the 4 substrate is exposed to UV irradiation [21, 22] , a phenomenon that has been exploited in 5 alkanethiol UV photopatterning [23] . In the attempt to combine the techniques of hydrogel 6 photocrosslinking and SAM electrochemical cell patterning, it is therefore essential to 7 characterize the possible effects of UV irradiation in the presence of PI (PI&UV) on SAM.
8
To assess the effect of PI&UV on SAM, oligopeptide modified substrates were exposed to (PI concentration and UV exposure identical to those used for GelMA photopolymerization).
10
Analysis of phase contrast images taken before and after PI&UV exposure show a significantly and UV, rather than from peptide-independent mechanisms such as a cytotoxic effect of PI and
18
UV.
19
Together these findings confirm that PI&UV, crucial to hydrogel photopolymerization, are 20 involved in the partial desorption of SAM. Our results suggest also that this process leads to the 21 loss of oligopeptide-mediated cell adhesion sites, resulting in a more rounded cell morphology 22 and partial cell detachment. This phenomenon could constitute a mechanism additional to 1 electrochemical SAM desorption, contributing to cell transfer to the hydrogel. (Fig. 3 D-F) show that most of the cells still adhered to the non-modified gold surface
12
( Fig. 3D ), but only a negligible number of cells remained on the modified gold surfaces 13 regardless of the potential application (Fig. 3 E,F) . Images of the hydrogel after transfer (Fig. 3 14 G-I) show that only 20% of the cells on the non-modified gold surface were transferred to the 15 hydrogel (Fig. 3J ). More than 50% of these cells were stained by EthD-1 ( Fig. 3K) (Fig. 3K) . These results underline the importance of the 21 oligopeptide modification process for efficient cell transfer.
22
To explore the effect of oligopeptide electrochemical cleavage on cell morphology, 1 fluorescent images of the cells seeded on the gold surfaces were analyzed to quantify the mean 2 cell area and its distribution (Fig. 4 A,B) . The few cells transferred from substrates without 3 oligopeptide modification presented mostly a rounded morphology (Fig. 3G) and a mean area 4 significantly lower than those from the modified substrates (Fig. 4A) . For the modified substrates, desorption, the cells proliferated on the hydrogel for 3 days, displaying viability close to 100%
12
( Fig. 4 C,F) to mechanical stress as cells are peeled off from the substrate [32] . As the electrical potential is 7 applied on the modified substrate, the gold-thiol bond is reductively cleaved, dramatically complete cell detachment [7] , only 30% of cells came off with photoinduced SAM desorption
20
( Fig. 2C) . The remaining population retained a number of adhesion sites with the gold that could 21 act as traction points during the peeling process, contributing to cell deformation and eventually 22 loss of cell spreading [33, 34] . The dismissal of electrochemical oligopeptide desorption also led 1 to a slightly lower spread population at 12-h culture but did not affect proliferation and viability 2 over 3 days (Fig. 4C,F) .
3
Overall, these results suggest that the electrochemical SAM desorption step influences the 4 degree of dissociation of cell-gold adhesion sites, which affects the mechanics of cell transfer 5 and therefore the initial cell morphology and spreading. Nevertheless, regardless of potential 6 application, cell transfer from oligopeptide-SAM coated gold substrates to hydrogel is highly 7 efficient and preserves both cell viability and proliferation ability. 
16
The results for the HD-16h samples were similar to those obtained with sparse cells. The entire desorption and a continuous cell monolayer covering the hydrogel surface (Fig. 5A,B (Fig. 5E ). The fraction of HUVECs remaining on the gold substrate 3 suggests that the effect of culture period on transfer efficiency was most likely due to a shift in 4 the hydrogel-cell/cell-gold force balance towards gold.
5
Whereas cell-gold adhesion forces increase during the first cell spreading and cytoskeleton been correlated with decreased cell-substrate interactions [36] . This process has been shown to 8 eventually sustain the cell transfer [37] . Nonetheless, a longer culture time exposes SAM to a 9 greater chance of contamination by proteins from the medium or secreted by the cells [38] . These 10 proteins would behave as non-cleavable anchoring sites that increase cell-gold residual 11 interaction forces, which eventually hinder cell transfer. The effect of these contaminants is 12 expected to be more dramatic without electrochemical SAM desorption since photoinduced 13 oligopeptide desorption has been shown to be only partial, and therefore have constitutively 14 higher residual adhesion forces.
15
While investigating endothelial monolayer transfer, it is crucial to evaluate the effect of at cell-cell boundaries (Fig. 5 F) , confirming the characteristic onset of endothelial monolayer to evaluate the junction rearrangement, focusing specifically on Cx43, a highly dynamic junction, 3 which was currently shown to be disrupted during the cell transfer process. days) until uniformly covered by a confluent endothelial monolayer (Fig. 6A) . Based on the 12 previously described results concerning the effect of culture time on cell transfer, after GelMA
13
photocrosslinking, we applied a -1.0 V potential to achieve optimal HUVECs transfer. Following 14 the removal of the rod, tubular structures completely lined with an endothelial monolayer were 15 obtained, having a length of 10 mm and a diameter of 618±15 µm (Fig. 6 B) . The geometry of (Fig. 6E) . Images after 5 days of culture show a compact cell population completely 4 lining the hydrogel surface (Fig. 6F) . The constructs maintained a stable geometry over the rather prone to grow into a multicellular endothelial layer.
11
To investigate if the proposed hydrogel photopatterning could be adapted to microengineer 12 in vitro the complex multilayered geometrical organization of blood vessels, double layer cell encircled by one to two layers of smooth muscle cells.
6
As previously mentioned, current approaches for generation of vascular structures suffer 
